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Abstract 

In this study gold nanoparticles with different size and 
shaped were synthesized by different methods in order to 
observe its capability to remove or adsorb mercury from the 
prepared solution. The results have showed that various 
sizes and shapes of gold nanoparticles were obtained using 
direct synthesis microwave polyol method and seed- 
mediated growth method. Small sized gold nanoparticles 
with spherical shapes were obtained by adding NaCl to the 
gold solution, whereas the seed-mediated growth method 
produced different shapes of gold nanoparticles with larger 
particle size. Using the same amount of mercury (20 ppm), 
the highest mercury removal (13,159 mg/g of gold) was 
acquired using spherical nanoparticles with particle size less 
than 10 nm. 
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Introduction 

Mercury, a natural occurring element, could be 
present in various concentrations in natural gas. In 
natural gas condensate, mercury presents in a variety 
of forms (elemental, organometallic and inorganic salt), 
depending on the origin of the condensates. Although 
the concentrations of mercury in a given natural gas 
may be considered very low, but the cause is 
cumulative as it amalgamates. In the gas processing 
plant, aggregation of mercury can cause severe attack 
and failure of cryogenic aluminum heat exchangers 
resulting in a mechanical failure and gas leakage 
(Wilhem and Bloom, 2000). To provide a safe level of 
mercury, several approaches have been developed for 
the removal of mercury content in natural gas 
processing plant. Activated carbon is one of the 
adsorbents that widely used in gas purification, 
solvent recovery, and waste water treatment. The basic 
requirements for successful mercury removal are the 
economics of the process and the capability to reduce 
mercury concentrations to the acceptable level. The 
medium must have high capacity for an active 



bonding to mercury so that they can retain the 
mercury in a form that can be disposed. In addition, 
mercury removal system must be effective at the 
operational condition of the natural gas streams (El- 
Ela et al., 2006). 

In addition, a good mercury adsorbent can also be 
used in monitoring the mercury level. The basic 
requirement for a good mercury monitoring system is 
that the sensor should be cost effective and suitable for 
mobile usage. Schambach et al. (2002) have developed 
mini mercury sensors that allow quick mobile analysis. 
The thickness of the gold structures used was 
approximately 40 nm and a total size of 2 mm x 2 mm 
of four meander-shaped of gold structures on the 
sensor chip. As mercury passes over the film, mercury 
amalgamates with the gold and interaction between 
gold and mercury leads to a change in the thin film 
resistivity. The total resistance will change 
continuously with increasing mercury concentrations 
in gold. It is important to note that the gold layer must 
be very thin to achieve a reasonable sensitivity 
(Schambach et al., 2002). Mozzaloi et al. (2004) has also 
reported that a micro fabricated physical sensor has 
been used for elemental mercury (Hg°) detection in the 
air, based on the technique of resistivity variation of a 
gold thin film. In this sensor, adsorption process 
occurs when gold thin film is exposed to air polluted 
by mercury. After the measurement, the regeneration 
takes place and makes this sensor reusable for the next 
measurements. The duration of the regeneration 
depend not only on the quantity of adsorbed mercury 
but also the thickness of the gold layer. Thus, in 
addition to gold thin film, nanosized gold particles 
may offer a better adsorption characteristiscs that has 
effective adsorption. 

Generally, the preparation of gold nanoparticles 
involves the chemical reduction of gold salt in solution. 
However, high surface energy of gold nanoparticles 
makes them extremely reactive, and the particles 
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undergo aggregation in the absence of any surface 
protection. Therefore, to produce gold nanoparticles, it 
is very important to avoid the aggregation of the 
particles. Several studies shows that gold 
nanoparticles have recently been synthesized under 
MW heating (400-1100 W) (Tu and Liu, 2000; Jiang et 
al., 2001; Pastoriza-Santos and Liz-Marzan, 2000; Liu et 
al., 2003). When HAuCl4.3H 2 or HAuCk was 
reduced in methanol (Tu and Liu, 2000), ethanol (Jiang 
et al., 2001), N,N-dimethylformamide (Pastoriza- 
Santos and Liz-Marzan, 2000), water or sodium citrate 
(Liu et al., 2003), spherical nanoparticles with diameter 
below 85 nm were obtained. Tsuji et al. (2004) 
prepared a mixture of triangular, square, hexagonal, 
and close to the spherical gold nanoparticles by 
reduction of HAuCk.4H20 in ethylene glycol in the 
presence PVP under MW heating in continuous wave 
(CW) or pulse mode. 

This paper presents various shapes and sizes of gold 
nanoparticles produced using direct synthesis 
microwave polyol method and seed-mediated growth 
methods. The percentage of mercury removal using 
gold nanoparticle has been measured. The amount of 
mercury removed indicates the performance of gold 
nanoparticles amalgamated with mercury. 

Experimental 

Microwave polyol method used was similar to that 
reported by Tsuji et al. (2004). Hydrogen 
tetrachloroaurate (III) hydrate (HAuC14.3H20) was 
used as a source of gold particles, polyvinylprrolidone 
(PVP) as a protecting or capping agent, and ethylene 
glycol (EG) as both solvent and reductant. To obtain 
different sizes and shapes, gold nanoparticles was 
prepared by 4 different method; (1) by varying PVP 
concentration, (2) by adding NaCl to the gold solution, 
and (3) by seed-mediated growth method in which 
HAuCl4.3H 2 (denoted as [Au] 1 ) was added to gold 
seed (denoted as [Au] ) at different ratio. The solution 
was then heated by microwave irradiation method to 
the boiling point of EG (198°C) for 3 minutes. Another 
method (4) is by seed-mediated method using cetyl 
trimethylammonium bromide, (CTAB), sodium 
borohydride (NaBFk), silver nitrate (AgNCb) and 
ascorbic acid. The temperature of the growth medium 
was kept constant at 27-30°C. 

Product particles were characterized by using 
transmission electron microscopy (JEOL JEM-2010 
TEM). Before TEM analysis, PVP was separated from 
Au nanoparticles by centrifugation. In this case, the 



solution was diluted with ethanol and centrifuged at 
10,000 rpm. Based on TEM photograph, the shape and 
size distribution of Au nanoparticles were calculated. 

For the mercury adsorption, the precipitate (0.001 g) 
was added in 10 ml mercury solution. The percentage 
of mercury removed were determined by analyzing 
the concentration of mercury solution before and after 
the contacts with Au nanoparticles. The absorbance 
measurements were carried out by the atomic 
absorption spectrophotometer. (AAS, AAnalyst400). 

Result and Discussion 

Gold Nanoparticles 

Au nanoparticles were synthesized, characterized and 
evaluated for mercury adsorption performance. In the 
synthesis procedures, Au 3+ salt is reduced to Au° to 
form activated species, either in a single step or via a 
Au+ intermediate followed by reduction to Au°. These 
activated Au° species are thermodynamically unstable 
and rapidly aggregate to form nuclei and eventually 
formed the desired Au nanoparticle, as presented in 
Fig. 1. Au 3+ salt is reduced to Au° to form activated 
species, either in a single step or via a Au + 
intermediate followed by reduction to Au°. The 
definitions of shapes and sizes of gold nanoparticles 
are shown in Fig. 2. 
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FIG. 1 SCHEMATIC DIAGRAM OF AU NANOPARTICLES 
GROWTH (Lamer and Dinegar, 1950) 
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FIG. 2 DEFINITION OF SIZE OF GOLD NANOPARTICLE (a) 
TRIANGULAR (b) CUBIC (c) DECAHEDRAL (d) HEXAGONAL (e) 
1 D PRODUCT (NANOROD) (Tsuji et al., 2004) 
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1) Effect ofPVP Concentration 

Gold nanoparticles were successfully prepared by 
varying PVP concentration and rapidly heated to 
198°C. The particles were then characterized using 
transmission electron microscopy (TEM) to observe 
the sizes and the shape of the particles. The effect 
of PVP on the shape and size of gold nanoparticles 
is shown in Fig. 3, in which the size of gold 
nanoparticles decreases as PVP concentration 
increases. Using PVP 1.9 mM, the average particle 
size was 44 nm and then reduced to 6 nm when 
22.2 mM of PVP was used. Similar average particle 
size was obtained using 33.3 mm of PVP. These 
particles have obtained sufficient protection by the 
capping agent (PVP) to prevent aggregation. The 
results also shows that a mixture of spherical, 
triangular, hexagonal, octahedral, decahedral, and 
icosahedral shapes were obtained using PVP 
concentration of 1.9 mM. The quantity of spherical 
shapes rises as the PVP concentration increases. By 
means of PVP concentration of 22.2 mM and above, 
the spherical shapes dominates (> 90%). 
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2) Effect ofNaCl 

The effects of NaCl on size and shape of Au 
nanoparticles are shown in Fig. 4. Significant 
changes have been observed in terms of the shape 
and the size of gold nanoparticles. A uniform 
distribution of Au nanoparticles was observed with 
the addition of 10 mM of NaCl, in which the size 
was mainly 10 nm or less. The addition of 20 mM 
of NaCl further increased the percentage of 
spherical nanoparticles to 99 % with the particle 
size less than 10 nm. According to Tsuji et al. (2007), 
oxidative etching occurred with the presence of 
both AuCl 4 - and CF ions to the surface of Au 
nanoparticles with more defect. Both ions have 
more opportunities to attack and further dissolve 
the unstable spherical nanoparticles. Fig. 5 
illustrates Au nanoparticles obtained via addition 
of chloride ion. 
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FIG. 4 THE EFFECT OF CHLORIDE ION ON THE SHAPE AND 
SIZE OF GOLD NANOP ARTICLE 
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FIG. 3 THE SIZE AND SHAPES OF AU NANOPARTICLES USING 
DIFFERENT PVP CONCENTRATIONS 



FIG. 5 THE FORMATION OF STABLE GOLD NANOPARTICLES 
IN THE PRESENCE OF CHLORIDE ION 
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3) Effect of [AuJVlAu] Molar Ratio 

The effects of [Au]V[Au]° on the sizes and shapes of 
Au nanoparticles are shown in Fig. 6. The size of 
Au nanoparticles rises as the [Au]V[Au]° molar 
ratio increases. There are also some changes in the 
shapes of gold nanoparticles formed. Initially, the 
Au seed mainly consist of spherical nanoparticles 
(85 %). The amount of spherical nanoparticles 
decrease but the size increases with increment of 
[Au]V[Au]° molar ratio. The changes on size and 
shape of Au nanoparticles are due to the etching 
and growth of Au nanoparticle from Au seed. The 
significant changes in size and shape of Au 
nanoparticles were observed by changing the 
[Au]V[Au]° molar ratio between 3 to 9. 
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FIG. 6 THE EFFECT OF [AU]1/[AU]0 MOLAR RATIO TO THE SIZE 
AND SHAPE OF GOLD NANOPARTICLES 

According to Tsuji et al. (2007), the reduction of 
AuCk" ions starts at 70°C (Eqn. 1) and further 
reduction occurs above ~ 160°C (Eqn. 2). Therefore, 
two reaction sequence of reduction occurred in 
AuCk ions. As reported by Rodr'iguez-Fern'andez 
et al. (2005), the reaction of Au° metals were etched 
by AuCl<r and Ckions (Eqn. 3). 

AuCk — ► AuCk -t Cb (or 2C1) (1) 

AuCk ► Au°+Cl + Cl- (2) 



(3) 



The completed decomposition of HAuC14 is via 
two sequence reactions (Eqn. 1) and (Eqn. 2). 



AuCk- 



Au» + Ch+ CI + Cl- 



(4) 



It was found that the decomposition of HAuCk in 
the present of Au° and Cb ion from first step 
reaction takes place in the second step reaction of 
[Au] 1 solution. 



AuCk- + 2Au° + 2Ck 



3AuCk- 



(5) 



Reaction (5) was similar to Eqn. 3, reaction 
suggested by Rodr'iguez-Fern'andez et al. (2005). 
The presence of both AuCk- and Cb ions in Au 
seeds solution resulted from oxidative etching of 
Au nanoparticles. In this study, the oxidative 
etching of spherical and octahedral nanoparticles 
was considered faster than other particles. As 
shown in Fig. 6, the formation of octahedral 
nanoparticles in Au seed is significantly less as 
compared to that of the spherical nanoparticles. 
The etching reaction was considered faster for 
octahedral particles and completely etched in the 
[Au]V[Au]° molar ratio of 3. Further etching 
reaction of spherical nanoparticles took place after 
octahedral nanoparticles completely etched 
producing other shapes. 

Fig. 5 also shows that the size of gold nanoparticles 
becomes larger as the [Au]V[Au]° molar ratio 
increases. These results show that not only 
oxidative etching took place but the growth of Au 
nanoparticles was also involved. The oxidative 
etching occurred to spherical nanoparticles and at 
the same time, as the PVP concentration was not 
sufficient to coat and protect the the Au 
nanoparticles, the particles started to form larger 
gold nanoparticles. The growth rates of triangular 
and hexagonal plates, decahedral and icosahedral 
nanoparticles are faster than their etching rates, so 
they can survive and grow to larger nanoparticles. 

Mercury Removal 

The amount of mercury removed by using different 
size and shape of gold nanoparticles is shown in Table 
1. Several samples have been selected to represent 
different shapes and size of gold nanoparticles. For 
particle size lower than 10 nm with 91% spherical 
shapes (sample 1A), the mercury removal is 5885 mg/g. 
However, for sample IB, the amount of mercury 
adsorbed was significantly increased to 13159 mg/g. It 
is important to note that sample 1A consists of 91% 
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spherical and sample IB has 99% spherical shape with 
particle size less than 10 nm. To further assess the 
performance of spherical nanoparticles, a comparison 
was made using particles size of 11-20 nm (Samples 1C 
and ID). The result shows that using sample 1C with 
85% spherical nanoparticles, the removal of mercury is 
4977 mg/g but it decreased to 1541 mg/g as the 
percentage of spherical nanoparticles reduced to 46%. 
The results indicated that sample with high yield of 
spherical nanoparticles has the ability to absorb more 
mercury than that with other polygonal shapes. 



TABLE 1 MERCURY REMOVAL USING DIFFERENT SIZE AND SHAPE OF 
GOLD NANOPARTICLES 



Sample 
No. 


Shape 


Quantity 

(%) 


Amount 
(mg/g) 


Gold nanoparticles < 10 nm 


1A 


Spherical 
Triangular, hexagonal 

Octahedral, 
decahedral, icosahedral 


91 


9 


5885 


IB 


Spherical 
Octahedral, decahedral, 
icosahedral 


99 
1 


13,159 




Gold nanoparticle size ranj 


;e 11-20 nm 






Spherical 
Triangular, hexagonal 


85 
4 




1C 


Octahedral,Decahedral, 
Icosahedral 
1-D 


7 
2 


4977 




Spherical 
Triangular, hexagonal 


46 
14 




ID 


Cubic 


32 


1541 


Octahedral,Decahedral, 
Icosahedral 
1-D 


6 
2 


Gold nanoparticle size range > 21 nm 




Spherical 
Triangular, hexagonal 


10 

57 




2A 


Cubic 


25 




Octahedral,Decahedral, 




2837 




Icosahedral 


5 




1-D 


3 




2B 


Spherical 
Triangular, hexagonal 
Cubic 


8 

64 
15 




Octahedral,Decahedral, 




2205 




Icosahedral 


10 




1-D 


3 




2C 


1-D (Nanorod) 


94 


3331 



The results of mercury removal with particle size 
greater than 21 nm are represented by samples 2A and 
2B. The yield of spherical nanoparticles and 1-D 
products in samples 2A and 2B are almost of the same 
amount. However, the results have showed that the 
amount of mercury removed by sample 2A is slightly 



higher (2837 mg/g gold nanoparticles) than that in 
sample 2B (2205 mg/g gold nanoparticles), which 
might be due to variation of polygonal particles. The 
results also indicated that it is rather difficult to assess 
the performance of polygonal particles since the 
sample does not represent any dominant shape of 
polygonal particles. However, seed-mediated growth 
method that has produced nanorod (sample 2C) gives 
higher amount of mercury removal per gram gold 
nanoparticles as compared to the other two samples 
(samples 2A and 2B). 

Conclusions 

Microwave polyol method would be a suitable 
method resulting from its simple and rapid procedure 
of producing gold nanoparticles. The great advantage 
of microwave heating is that a short crystallization 
time is needed to produce Au nanoparticles. PVP 
plays a role as a capping agent to avoid aggregation. 
Further, the addition of NaCl to the gold solution has 
produced smaller nanoparticles (less than 10 nm). 
However, the polygonal shapes have been obtained by 
seed-mediated growth method. The study showed 
that the particle size played a significant role in 
mercury removal. With the size of gold nanoparticles 
less than 10 nm, the spherical gold nanoparticles 
removed the highest amount of mercury (13,159 mg/g). 
This is due to the fact that for the same amount of gold 
nanoparticles used, small size particles could provide 
high surface area for mercury to be adsorbed on its 
surfaces and that other polygonal shapes are larger but 
with lower adsorption capacity compared to spherical 
shapes. Therefore, smaller sized gold nanoparticles 
can be obtained using microwave polyol method by 
means of the addition of NaCl to the gold solution. 
These gold nanoparticles adsorb high amount of 
mercury in the prepared solution. 
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